The correlation between the bowl-inversion energy and the bowl depth for sumanenes monosubstituted with an iodo, formyl, or nitro group was investigated experimentally and by theoretical calculations. The bowl-inversion energies of the substituted sumanenes were determined experimentally by two-dimensional NMR exchange spectroscopy measurements. Various density functional theory methods were examined for the calculation of the structure and the bowl-inversion energy of sumanene, and it was found that PBE0, ωB97XD, and M06-2X gave better fits of the experimental value than did B3LYP. The experimental value was well reproduced at these levels of theory. The bowl structures and bowl-inversion energies of monosubstituted sumanenes were therefore calculated at the ωB97XD/6-311+G(d,p) level of theory. In both the experiments and the calculations, the correlation followed the equation ΔE = acos 4 θ, where a is a coefficient, ΔE is the bowl-inversion energy, and cos θ is the normalized bowl depth, indicating that the bowl inversion follows a double-well potential energy diagram.
Introduction
Buckybowls, which are bowl-shaped aromatic compounds, have been extensively studied because of their unique properties [1] . Among these unique properties, one is the thermal dynamic phenomenon of bowl inversion. The bowl structure of small buckybowls, such as corannulene (1) or sumanene (2) (Fig. 1) , can be thermally flipped through a flat transition structure (Fig. 2a) . This type of dynamic behavior, called 'bowl-to-bowl inversion' is expected to have useful applications in functional materials for sensors, chemical machines, or ferroelectric memories, as well as being of interest to basic science. For example, our group has reported the existence of chiral buckybowls in which the bowl inversion corresponds to a racemization process [2] . The lifetime of enantiopure chiral buckybowls is controlled by the bowl-inversion energy. We have demonstrated that the introduction of substituents or heteroatoms changes the bowl-inversion energy within the range 20-40 kcal/mol, leading to differences in the lifetimes of chiral buckybowls. Recently, we also demonstrated the existence of differences in the hyperconjugation effect between the concave face and the convex face of a curved aromatic system by determining the thermodynamic stabilities of benzyl-substituted buckybowl isomers through studies on their bowl-inversion behavior [3] .
The bowl-inversion energy of a corannulene derivative was first determined by Scott and co-workers [4] . Later, this interesting dynamic behavior was extensively studied by Scott [5] , Siegel [6], Hirao [7] , our group [2] and others. An important issue in bowl inversion of buckybowls is that of the effects of substituents on their structures and bowl-inversion energies. Siegel and co-workers studied the effects of substituents in a number of substituted corannulenes by experiment and by theoretical calculation. They also examined the correlation between the bowl structure and the inversion energy, and they derived a quantitative equation linking the bowl depth with the bowl-inversion energy [4] . We similarly studied the effects of substituents and the correlation between the bowl structure and the bowl-inversion energy in substituted sumanenes by experiment and by calculation [2c]. However, more-reliable methods for predicting bowl inversion are still required, because few experimental methods are available for studying this (see below). We therefore decided to reinvestigate the DFT methods and to study the correlation between the bowl depth and the bowlinversion energy experimentally and by calculation.
Results and discussion
Siegel and co-workers showed that the bowl depth in corannulenes decreases and the bowl-inversion energy increases on introduction of acyclic substituents, as a result of their steric effects. From their experimental and calculated results, the researchers proposed a correlation between the bowl depth and the inversion energy of corannulenes in the form of a double-well potential equation E = ax 4 -bx 2 , where E is the energy, x is the reaction coordinate (bowl depth), and a and b are coefficients (Fig. 2a) . The bowl-inversion energy ΔE is given by the equation
where E 0 is the energy for the flat structure corresponding to the transition state for the bowl inversion, and E 1 and x 1 are the energy and reaction coordinate, respectively, for a bowl structure with a minimum energy (Fig. 2b) . The experimental and calculated values for corannulenes are well fitted by this model [4] .
In the case of sumanene, we have made experimental and theoretical studies on the effects of substituents on the bowl structure and bowl-inversion energy, as well as on the correlation between the bowl depth and the bowl-inversion energy [2c]. In the sumanene skeleton, we found that both steric and electronic effects of substituents affect the bowl structure and bowl-inversion energy. The relationship between bowl depth and bowl-inversion energy of sumanene follows the equation
However, the experimental data that we used were limited to sumanene (2a), trimethylsumanene (3, R = Me), and trimethylsumanenetrione (4), although reliable calculations at the B3LYP/6-311+G(d,p) level were conducted for several C 3 symmetric trisubstituted sumanenes 3 (R = H, Me, OH, F, Cl, Br, CN, CO 2 H, CHO). In this regard, we considered that further experimental validation was necessary, so we examined the bowl inversion of monosubstituted sumanenes 2 (R = I, CHO, NO 2 ).
Before conducting the experiments, we reinvestigated the calculation methods in the light of developments in advanced density functional theory (DFT) calculations. Although calculations conducted with B3LYP/6-311+G(d,p) showed a good linear correlation with experimental values, the absolute value of the bowl-inversion energy always tended to be underestimated; for example, in the case of sumanene (2a) the experimental value was 20.3 kcal/mol, whereas the value calculated by B3LYP/6-311+G(d,p) was 18.3 kcal/mol. For validation purposes, we compared several DFT methods by calculating the bowl-inversion energy of sumanene (Table 1) . B3LYP, PBE0, ωB97XD, LC-ωPBE, CAM-B3LYP, M06, M06-2X were tested with the 6-31G(d) basis set, and the results were compared with the experimental value of 20.3 kcal/mol for sumanene [7a] . PBE0, ωB97XD, LC-ωPBE, and M06-2X showed reasonable performances, B3LYP underestimated the value, and CAM-B3LYP was little better. We also compared B3LYP, PBE0, ωB97XD, and M06-2X used conjunction with the 6-311+G(d,p) basis set, and we found that PBE0, ωB97XD, and M06-2X gave better values than that obtained with B3LYP. From this comparison, we chose ωB97XD/6-311+G(d,p) for further calculations on monosubstituted sumanenes.
As stated in the introduction, one problem associated with bowl inversion is that few experimental methods are available for quantifying the phenomenon. Those that are available are: (1) the coalescence of thermally exchanged diastereotopic protons in temperature-variable one-dimensional NMR [4] ; (2) decay of the circular dichroism (CD) spectra of chiral buckybowls [2]; and (3) NMR two-dimensional exchange spectroscopy (2D-EXSY NMR) of diastereotopic protons [7a] . However, the coalescence of diastereotopic protons is barely observable in the range of the bowl-inversion energies of sumanenes (∼20 kcal/mol) [7, 8] . Method 2, on the other hand, can be a powerful and reliable method regardless of the existence of diastereotopic protons if suitable enantiomerically enriched chiral buckybowls are readily available, either by enantioselective synthesis or by resolution of racemates. Unfortunately, however, no preparative routes to chiral monosubstituted sumanenes 2 have yet been established, owing to the rapid racemization associated with the low bowl-inversion energy. We therefore used 2D-EXSY measurements in our experiments.
To determine the bowl-inversion energy of sumanene derivatives by means of 2D-EXSY, it was necessary to use trideuterated derivatives to avoid nuclear Overhauser effect signals [9] . First, we attempted direct deuteration of the trianion of sumanene by following the reported procedure [7a] . However, under scaledup conditions, the proportion of deuteration was 75 % at most. We therefore prepared trideuterosumanene with high D/H ratio ( > 99 %) by deuteration of tris(trimethylsilyl)sumanene (5) [10] (Scheme 1). Trideuterated iodosumanene (2b), sumanenecarbaldehyde (2c), and nitrosumanene (2d) were prepared from trideuterosumanene by following our reported methods [11] .
The bowl-inversion energies of sumanenes 2a-d were determined by 2D-EXSY measurements in CDCl 3 . The results are shown in Table 2 , together with those for multi-substituted sumanenes 3 and 4, determined by the CD-decay method. This table also shows the calculated bowl-inversion energies and bowl depths of 2a-d, 3, and 4. The bowl depth is cos θ, where θ is the cone angle obtained from the centroid of the central benzene ring and the centroid of C7, C10, C12, C15, C17, C20, as shown in Fig. 3 . This normalized bowl depth averaged at C7, C10, C12, C15, C17, C20 gives a best fit in the correlation between the bowl depth and the bowl-inversion energy, as we previously reported [2c].
The experimentally determined bowl-inversion energy of 2b (R = I) was slightly higher than that of sumanene, whereas those of 2c (R = CHO) and 2d (R = NO 2 ) were lower than that of sumanene. The calculated bowl inversion energies also followed a similar trend, in that the value for 2b was higher than that of sumanene, whereas those of 2c and 2d were lower. The calculated the bowl depth, cos θ, of 2b is deeper than that of sumanene, whereas those of 2c and 2d were shallower than that of sumanene. As we discussed in a previous paper [2c], substitution affects the bowl structure as well as the flat transition structure, resulting in a change in the bowl depth and in the bowl-inversion energy. The substituent effects can be separated into steric effects and electronic effects. In our previous calculation study, methyl and hydroxy groups were found to show a steric effect that destabilizes the flat transition state rather than the bowl structure, producing a deeper bowl depth and a higher bowl-inversion energy compared with sumanene. In contrast, cyano, carboxy, and formyl groups were found to show an electronic effect that, through π-conjugation, stabilizes the flat transition state relative to the bowl structure, resulting in a shallower bowl depth and a lower bowl-inversion energy. In this study, the results for both 2c (R = CHO) and 2d (R = NO 2 ) indicated that these substituents induce a shallower bowl depth and a lower bowl-inversion energy through their electronic effects. On the other hand, 2b (R = I) showed a small steric effect, leading to a greater bowl depth and a higher bowl-inversion energy.
In Fig. 4 , the bowl depth and bowl-inversion energy are plotted with the fitting curve ΔE = acos 4 θ obtained from sumanene and its derivatives (2, 3, 4), where ΔE is bowl inversion energy, cos θ is bowl depth and a is coefficient. In both experimental and calculated data, the plots for 2, 3, and 4 are located along the curve ΔE = acos 4 θ, indicating that the correlation between the bowl depth and the bowl-inversion energy for sumanene and its derivatives follow the equation with the same coefficient (a = 6.8 × 10 3 in Fig. 4a , a = 6.6 × 10 3 in Fig. 4b ).
Conclusion
We prepared several trideuterated monosubstituted sumanenes 2 (R = I, CHO, NO 2 ) and we determined their bowl-inversion energies experimentally by means of 2D-EXSY measurements. A comparison of various DFT methods by calculating the bowl-inversion energy of sumanene showed that PBE0, ωB97XD, and M06-2X gave better fits to the experimental value than did B3LYP. The experimental value was well reproduced at these levels of theory. Both the experimental and the calculated results showed that, owing to a steric effect, the iodo substituent induces a slightly deeper bowl depth and a higher bowl-inversion energy compared with those of sumanene, whereas formyl and nitro substituents induced a shallower bowl depth and a lower bowl-inversion energy, owing to their electronic effects. The correlation between the bowl depth cos θ and the bowl-inversion energy ΔE for the substituted sumanenes were well fitted by the equation ΔE = acos 4 θ, indicating that the bowl inversion follows a double-well potential-energy diagram.
This study is not limited to understanding of the properties of buckybowls; the analytical and calculation methods would also be useful for predicting bowl-inversion barriers in advance of the synthesis of molecules, and are therefore useful in the design of molecules and for understanding the dynamic behavior of related compounds.
Experimental
General 1 H NMR and 2D-EXSY spectra were measured on a JEOL JNM-ECS (Delta V5.0) 400 spectrometer at 45 °C at 400 MHz. Monosubstituted sumanene derivatives (R = I, CHO, NO 2 ) were prepared according to procedure given in reference [11] . All 2D-EXSY spectra were recorded according to procedure given in reference [7a] . CDCl 3 was used as a solvent and the residual solvent peaks were used as an internal standard ( 1 H NMR: CDCl 3 7.24 ppm). Gel permeation chromatography (GPC) was performed on JAIGEL 1H and 2H using a JAI Recycling Preparative HPLC LC-908W with CHCl 3 as eluent. TLC analysis was performed using Merck Silica gel 60 F254. All reagents and solvents were commercially purchased from Kanto, Wako, Nacalai and Kishida. They were further purified according to the standard methods, if necessary.
Computational details
All the calculations were performed using Gaussian09 program package [12] .
The ground state geometries were obtained by full optimization in different level of theories employing 6-31G(d) and 6-311+G(d,p) basis sets and frequency calculation was carried out to confirm the truly minimum of potential energy. The flat transition structures were also calculated in the same level and are confirmed by one imaginary frequency corresponding to bowl inversion. The difference between the sub total energies + ZPEs of bowl and flat structure of corresponding compound is reported as bowl inversion energy in the tables.
Trimethylsilylsumanene (5) [10]
The 2a (30 mg, 0.378 mmol) was placed under argon in 50 mL dry flask with sealed septum and was dissolved by dry THF (10 mL). After the flask was chilled to -80 °C using cooling bath, t-BuLi (0.41 mL, 0.579 mmol, 1.39 M in n-pentane) was added at -80 °C, and the mixture was stirred for a few minutes at the same temperature, then was allowed to warm to room temperature. Trimethylsilyl chloride (1.13 mmol) was added via syringe at -80 °C with vigorous stirring. The reaction mixture was poured into water and the aqueous layer was extracted with ether. The organic extract was washed with water and brine, dried over Na 2 SO 4 , and evaporated in vacuo. The residue was purified by GPC in chloroform to give as a colorless solid (45 mg, 0.093 mmol, 83 %).
Trideuterosumanene (2a-d 3 ) [7a]
The 5 (35.0 mg, 0.073 mmol) and tetrabutylammonium bromide (23.5 mg, 0.073 mmol) were placed under argon in 50 mL dry flask with sealed septum. Dry THF (5 mL), then well-dried CsF (33 mg, 0.218 mmol) in D 2 O (5 mL) were added via syringe. The reaction mixture was refluxed at 80 °C for 15 min. then was allowed to cool to room temperature. The solvent was removed in vacuo and the residue was purified by silica gel column in 5 % dichloromethane in hexane to give as a colorless solid (19.2 mg, 0.073 mmol, quant.).
